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Introduction
The high-T c superconductors have been extensively studied since their discovery [1] and the YBa 2 Cu 3 O 7-δ superconductor [2] is among the most investigated materials. Several techniques have been employed in order to prepare such materials for technolog-ical applications. Melt-texturing techniques [3] [4] [5] are employed to prepare bulk materials with large critical current density, neces-sary for such applications. The strong magnetic flux pinning, pre-sented by the melt-textured superconductors doped with non-superconducting particles [6] , is a fundamental feature, when these materials are intended to be used in devices under high magnetic fields.
Regarding the magnetic properties, some superconducting ma-terials do not exhibit the conventional Meissner effect. In these cases the material does not exhibit a diamagnetic behavior as it is cooled below the critical temperature T C , but reveals a curious paramagnetic response in low fields (up to 10 − 3 T) known as paramagnetic Meissner effect (PME), or Wohlleben effect [7] [8] [9] . An enormous effort has been made in order to investigate the cause of this effect and it has been observed in low-T C super-conductors, such as Nb [10] [11] [12] , high-T C superconductors, such as Bi 2 Sr 2 Ca 1 Cu 2 O x [7, 13, 14] and YBa 2 Cu 3 O 7-δ [15, 16] , multiphase al-loys [17] , superlattices [18] , organic compounds [19] and in pure Pb [20] . The effect shows itself apparently indifferent to the em-ployed growth technique and has been observed in sintered sam-ples [21] , melt-textured samples [22, 23] , single-crystals [23, 24] , and thin films [12, 25] . Therefore, a more detailed understanding of the existence and origin of the PME still remains to be found.
In this communication we present a detailed study of the anisotropic high-field paramagnetic Meissner effect (HFPME), ob-served in magnetization measurements performed under magnetic fields up to 14 T, using a melt-textured YBa 2 Cu 3 O 7-δ (Y123) sam-ple grown by Bridgman technique with the addition of Y 2 BaCuO 5 (Y211) particles. Our study was made by magnetization measure-ments as a function of temperature, M(T), while cooling the sample under field (FC procedure) as well as warming after field cooling (FCW procedure). Magnetic relaxation studies also have revealed a strong time dependence of the FC magnetic moment. Our find-ings cannot be interpreted as an usual paramagnetic effect, due to polarization of atomic Copper moments in the Y211 particles, but suggest that the HFPME is dominantly a magnetic flux compression phenomenon [26] taking place in a scenario of strong flux pinning, caused by the Y211 particles dispersed in the samples.
Experimental details
The melt-textured material was grown by Bridgman technique [27] [28] [29] [30] [31] [32] with 30 wt. % of Y211 precipitates, and the dimensions of our sample was approximately 0.6 mm x 0.8 mm x 2.0 mm, with the largest side found to be along the c-axis. The structural and microscopic characteristics of the sample were obtained by scanning electron microscopy (SEM) using a dual-beam FEI Nova NanoLab 600 and by high-resolution transmission electron mi-croscopy (HRTEM) carried out on a probe corrected FEI Titan 80/300 transmission electron microscope operating at 300 kV. The DC magnetization measurements as a function of temperature, M(T), were performed at the Dresden high magnetic field labora-tory using a 14 T quantum design physical property measurement system (PPMS) equipped with a vibrating sample magnetometer. The magnetic field was applied in a configuration either parallel or perpendicular to the ab plane and the magnetic moments were measured in temperatures between 100 K and 4.2 K according to the field-cooling (FC) and field-cooled warming (FCW) procedures. In the FC procedure, the magnetic field is first turned on and the magnetization is measured while slowly cooling the sample in the constant field. In the FCW procedure the sample is first cooled in constant field and then the magnetization is measured while slowly warming the sample in the same field. The time depen-dence of the FC magnetic moment was additionally studied by per-forming magnetic relaxation experiments at fixed magnetic field and temperature. Fig. 1a shows an SEM image obtained from the sample, where Y211 particles can be seen dispersed on the surface. Fig. 1b shows a TEM image of an Y211 particle, illustrating the micro-metric character of this precipitate in our sample. The size of the Y211 precipitate is influenced by the CeO 2 addition during the sample growth procedure. The addition of CeO 2 is well known to refine the Y211 particle size and enhances the superconducting proper-ties [30] . Fig. 1c shows an HRTEM image of Y123/Y211 interface obtained from our sample. A clean interface can be observed and no new structure is formed, which is confirmed by the fast Fourier transform (FFT) of the three distinct regions showed in the fig-ure. The superposition of the structures is no longer than 20 nm. Fig. 1d represents an SEM image that shows a fracture produced sideways (along the c-axis) in order to observe the layered struc-ture. This type of structure is responsible for the anisotropic prop-erties and for the high values of the electric current density, typi-cally observed in melt-textured samples [4, 5] . The results seen by microscopy techniques evidence the high quality of our sample, as can be seen by the clean Y123/Y211 interface and the layered structure. The presence of Y211 particles dispersed on the super-conducting matrix can act as important flux pining centers which retain the magnetic flux within the sample.
Results

Microscopic analysis
Magnetic measurements I: FC and FCW procedures
Magnetic measurements M(T) are shown in Fig. 2a and 2b. Magnetic fields up to 14 T were applied accordingly to the FC and FCW procedures for either H//ab (Fig. 2a) or H//c ( Fig. 2b) config-urations. For magnetic fields above 2 T, applied along the ab plane (H//ab), the sample shows a strong paramagnetic Meissner effect at low temperatures. The paramagnetic moment increases monoton-ically as the applied magnetic field is raised up to 14 T. The mea-surement at 0.5 T shows a diamagnetic moment below the super-conducting transition. Nevertheless, the slope of M(T) shows that a paramagnetic moment too is present, whose contribution however is not strong enough to revert the overall magnetic moment to the positive side. For magnetic fields applied along the c-axis the over-all magnetic moment in the superconducting phase is at the neg-ative side for the whole magnetic field range. However, in spite of the negative overall magnetic moments, there is clearly a positive magnetic contribution below the critical temperature which can be associated to a paramagnetic contribution likewise in the case of H//ab. On the other hand, this strong anisotropy of the magnetic behavior for H//ab and H//c demonstrates that the c-axis of the crystallites in the samples is well aligned.
Irreversibility effects can be observed in Fig. 2a and 2b where the magnitude of the FCW magnetic moment exceeds the FC [22] [23] [24] . One of the essential features in this work is the presence of the para-magnetic Meissner effect in such magnetic fields range.
Magnetic measurements II: magnetic relaxation
In order to investigate the time effects observed by the irre-versibility behavior between FC and FCW measurements, we have performed magnetic relaxation experiments. Fig. 3a displays the FC magnetic relaxation observed in the sample. Note that the paramagnetic relaxation is toward higher paramagnetic moments. For H//ab, the paramagnetic response raises by almost 10% after 12,000 s. This effect is even more pronounced when the same mag-netic field is applied along the c-axis (see inset). Several magnetic relaxation studies have been reported in the literature [12, 15, 22] . However, the present results constitute, together with partial re-sults in [33] , in the experimental observation of the paramagnetic Meissner effect relaxation in a magnetic field as high as 14 T.
Our PME relaxation results show a strong dependence with the cooling rate employed during the field cooling experiments. Fig. 3b shows the field-cooled magnetic relaxation after cooling at 0.5 K/min and 10 K/min to 80 K under an applied field H = 0.2 T // c. In the Fig. 3b we can clearly observe that the paramagnetic relaxation rate is larger after cooling the sample at the higher rate (10 K/min), and in this case the paramagnetic moment raises by almost 50% after 20,000 s. We have also observed (not shown here) that this behavior does not depend on the measuring temperature below T c . The paramagnetic relaxation was confirmed for different cooling rates, magnetic fields and at several fixed temperatures (not shown here), which suggests that the time effects constitute a relevant characteristic of the observed HFPME.
Discussion
The paramagnetic Meissner effect can be observed either in low or high magnetic fields with distinct features. In the low field range of a few mT it is known as Wohlleben effect. The Wohlleben effect first increases as the magnetic field is raised, but then decreases and vanishes as the magnetic field is raised above a few mT [8, 13] and the diamagnetism is established. Several models have been proposed in order to understand the low field PME. In granular superconductors some interpretations are based on the occurrence of Josephson π−junctions randomly distributed be-tween the superconducting grains [13, 34, 35, 36] . On the other hand, the high field paramagnetic Meissner effect (HFPME) is observed on from some tenths of Tesla and increases as the magnetic field is increased [15, [22] [23] [24] . According to some authors [12, 22, 25, 37] , the HFPME exhibits time relaxation in which the FC (field-cooled) magnetization relaxes toward an increasing value of the FC magnetic moment. The HFPME has been interpreted by models based on magnetic flux compression effects [26, 38, 39] , where a non-equilibrium compressed flux state can be generated due to inhomogeneous temperature or inhomogeneous transition tem-perature throughout the sample. Alternative interpretations were proposed taking into account geometry and surface of the sample [10,11,16,40], multiply-connected superconductors [41, 42, 43] , strong pinning effect in high-T C materials [22, 23] , and chiral pairing [44] . Recently the PME was described in terms of a crossover between conventional Type-I and Type-II superconductors [45] . However, in spite of the numerous efforts [46, 47] , there isn't yet a consistent model to explain the data obtained at high magnetic fields where the paramagnetic moments increase with the magnetic field. More-over a field limit for the occurrence of the HFPME is not predicted.
The microscopic analysis revealed the layer structure, the pres-ence of the Y 2 BaCuO 5 (Y211) precipitates dispersed into the Y123 superconducting matrix and a clean interface Y123/Y211 with few nanometers. Our magnetization measurements show a strong HF-PME that is reinforced when the magnetic fields is increased. The HFPME is highly anisotropic for field along the c-axis or the ab plane and more pronounced for magnetic field applied along the ab plane. Additionally the HFPME increases with the cooling rate and exhibits relaxation with time by which the magnetic moment of the sample is higher for the FCW procedure than for the FC one (see Fig. 2 ). Such relaxation was confirmed by FC magnetic relax-ation experiments up to 14 T (see Fig. 3 ) and may also be present for higher fields.
In our view the HFPME can be understood in terms of the flux compression phenomenon proposed by Koshelev and Larkin [26] . In order to figure out this compression mechanism, it is important to understand the origin of the Meissner effect. Bose-Einstein (BE) condensation in low temperatures takes place because of the BE phase correlation between the Cooper pairs, giving rise to a negative potential energy term corresponding to about 1 meV per Cooper pair. On condensing, the system minimizes its energy, forc-ing the bosonic particles to assume all the same phase and thereby establishing a phase coherent state described by the complex su-perconducting order parameter = ψ(r)-e i φ . The vector potential associated with an applied magnetic field causes local phase dis-placements of the superconducting order parameter, which means phase disorder and screening currents, thereby elevating the energy of the superconducting condensate above the minimum. Fig. 3 . Fig. (a) shows the paramagnetic relaxation of our melt-textured YBa2 Cu3 O7-δ sample. The results are expressed in terms of the normalized FC magnetic moment, where M0 is the magnetic moment when t = 0 s. The inset shows that the relaxation is more pronounced when the magnetic field is applied along the c-axis . Fig (b) shows that the paramagnetic relaxation rate is highly dependent on the cooling rate employed during the experiment.
The excited superconducting condensate can lower its energy by expelling the magnetic field out from the superconductor, which is the Meissner effect. By the Meissner effect, type-II superconductors minimize energy, confining the magnetic field into microscopic flux tubes or expelling it out from the superconductor. However, in non-homogeneous superconductors out from the superconductor is not necessarily out from the sample. It also can mean inward, toward nonsuperconducting or weaker superconducting regions.
In our melt-textured YBa 2 Cu 3 O 7-δ sample an inhomogeneous scenario is easily developed during sample cooling because of inhomogeneous sample temperature and inhomogeneous super-conducting transition temperature due to inhomogeneous oxygen doping or even due to the non-superconducting Y211 particles. Anyway the sample boundary cools first and becomes supercon-ducting, thereby trapping the magnetic field already within the sample. Because of the Meissner effect, the magnetic flux will be driven out from the superconducting boundary layer toward both sides. A part will be expelled out from the sample and another part is thrust inward toward the internal non-superconducting regions. As the cooling goes on, the sample cools toward the interior and the magnetic flux gradually will be swept inward and compressed within the weaker superconducting regions. The compressed field depresses even more the local superconductivity forming a non-superconducting or weaker superconducting region in the bulk and giving rise to a paramagnetic moment. Flux sweeping and compression lets behind a low flux density region, opening space for admission of new fluxons from outside. In order to the flux compression to increase more and more, there is need of strong flux pinning backing and propping up the flux and the screening currents from behind, which is provided by the Y211 particles as well as by the Y123/Y211 interfaces. Besides the paramagnetic moment due to flux compression, polarization of the Copper moments within the Y211 particles by the compressed field also contributes to the overall paramagnetic moment. How-ever, this contribution is only a byproduct of the magnetic field compression. Note that in the FC procedure the field already is fully within the sample and the paramagnetic contribution of the local Copper moments certainly is not a dominant effect.
The strong time dependence of the HFPME, observed in the sample for the FC and FCW procedures and also confirmed by FC magnetic relaxation experiments, is explained by the fact that the system finds it in a non-equilibrium state. The vortices near the boundary of the sample are under the pressure from outside by the applied magnetic field and stabilized from inside by flux pinning. However, as the flux has been swept inward, the external pressure may exceed the internal resistance. Assisted by thermal activation and quantum fluctuations, the fluxons may creep inward and extra magnetic flux may penetrate from outside. The FC mag-netic relaxation experiments shown in the Fig. 3 let no doubt that additional magnetic flux penetrates the sample and that higher cooling rates produce a higher non-equilibrium state. The time dependence of the HFPME in YBa 2 Cu 3 O 7-δ samples was shown in previous works [15, 22, 33] . The present results show that the mag-netic flux compression is very strong and that moreover the flux density within the sample increases with time and this relaxation rate increases with increasing of the (constant) applied magnetic field.
The HFPME shows a very slow saturation tendency at high magnetic fields, as seen in Fig. 4 . Fig. 4a shows results for the sample investigated in this work, at 10 K and for H//ab, while the Fig. 4b shows results in the same conditions, however for another melt-textured YBa 2 Cu 3 O 7-δ sample that showed a similar HFPME behavior (top-seeding sample in [33] ). Nevertheless, if a satura-tion limit exists for the HFPME, it may occur well above 14 T. In previous works [15, 22, 23, 24] this saturation tendency could not be suggested, however, recently obtained results in YBa 2 Cu 3 O 7-δ thin film reinforce this behavior [48] . The results obtained in this work indicate that under extremely high magnetic fields, in which the superconductivity becomes strongly depressed, flux compression eventually may collapse and the superconducting sample possibly could restore a diamagnetic response.
The superconducting condensate and the Meissner effect, con-fining electromagnetic fields and providing inertial mass to the photon within superconductors [49] , has been an important guide to understand the Higgs Mechanism, confining weak and strong nuclear fields and providing inertial mass to the elementary par-ticles. We believe that the observation of the HFPME in such high magnetic fields can open ways for new theoretical works taking into account the Meissner effect, flux pinning and flux dynamics in order to explain the behavior of the HFPME in high magnetic fields. It can even provide new insights in quantum field theory [50] . Fig. 4 . The FC paramagnetic moment, due to the HFPME, versus applied magnetic field (H//ab) at 10 K for (a) the sample investigated in this work and (b) another melt-textured sample (see text) for comparison.
Conclusion
We have performed magnetic measurements in a melt-textured YBa 2 Cu 3 O 7-δ (Y123) sample grown by Bridgman technique, in or-der to study the high-field paramagnetic Meissner effect (HFPME) in applied magnetic fields up to 14 T, parallel and perpendicular to the ab-plane. The magnetic measurements were performed fol-lowing FC and FCW procedures and the time dependence of the HFPME was investigated by FC magnetic relaxation experiments.
The microscopic analysis revealed the presence of Y 2 BaCuO 5 (Y211) precipitates dispersed into the Y123 superconducting ma-trix, and a clean interface Y123/Y211. These results also revealed a layered structure, typically observed in melt-textured samples of good quality. Our FC and FCW magnetic measurements showed strong paramagnetic moments, that increase with applied mag-netic fields up to 14 T, which is one of the first observations of PME in this magnetic field range, together with previous results re-ported in [33] . The HFPME in our sample is highly anisotropic and more pronounced when the magnetic field is applied along the ab plane. We also observed strong time effects in FC and FCW magne-tization measurements as well as in specific FC magnetic relaxation experiments. These results displayed a dependence on the cooling rate during the experiments, in such a way that the paramagnetic moment increases with increasing cooling rate. Interesting results on Ti 0.8 V 0.2 system were reported [51] , showing irreversibilities ob-served during FC and FCW magnetic measurements and a strong dependence on the cooling rate employed. These results show that the HFPME has similar characteristics in different superconducting systems.
Our results can be explained in terms of the flux compres-sion mechanism, such as proposed by Koshelev and Larkin [26] , and assisted by the strong pinning effect due to the Y211-phase and the Y123/Y211-interface. This microstructure produces an effi-cient pinning mechanism that can favor the flux compression in the sample, when an inhomogeneous cooling scenario is estab-lished. The HFPME also showed a slight tendency to saturate in high magnetic fields, indicating a possible limit in very high fields. We believe that the results presented in this work can be useful for constructing new models to explain the HFPME in high magnetic fields and the interactions of pinning mechanisms and vortex dynamics.
